Purpose. Catecholamine release is a marker of stress, and high plasma norepinephrine levels have been associated with increased mortality. The predictive value of high urinary catecholamine excretion for functional decline and mortality in healthier older persons has not been determined.
NE of the best-established physiological changes associated with normal aging is an increase in plasma norepinephrine levels (1) (2) (3) (4) . This change is the result of increased sympathetic nervous system secretion of norepinephrine (4-7) and age-related decreased clearance of norepinephrine (e.g., [3, [8] [9] ). In contrast, both plasma levels and urinary excretion of epinephrine have been found to decrease slightly (10) (perhaps attributable to decreased physical activity or involution of the adrenal medulla) or remain unaffected with age (4) . Within these overall trends, there is considerable intraindividual variability in serum and urinary catecholamine levels among healthy older persons.
Release of catecholamines in response to stress involves a complex interplay of the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA) axis (11) . Although an immediate, short-term catecholamine response to stress is considered physiologic, excessive or prolonged sympathetic activation may lead to pathologic outcomes such as the development of diabetes, aggravation of cardiovascular disease, and cognitive decline (11) (12) (13) (14) .
While plasma norepinephrine is primarily derived from the small portion of neurotransmitter that escapes reuptake and metabolism at adrenergic synapses throughout the body (15) , it reflects general levels of sympathetic activation. High plasma norepinephrine levels have been associated with reduced survival in healthy older persons (16) as well as in patients with congestive heart failure (17), previous myocardial infarction (9, 18) , and cirrhosis (19) . Although the effects of high plasma epinephrine have been less well studied (9) , high plasma epinephrine has been associated with poor survival rate in patients with previous myocardial infarction (9) but increased survival among healthy older persons (16) . Plasma levels of catecholamines may be influenced by a variety of postural, diurnal, and acute stressrelated factors (15) , and concern about the validity and reliability of using plasma catecholamines as biomarkers has been raised (9, 20) .
In contrast, urinary epinephrine excretion provides an integrated assessment of adrenomedullary function over time. Thus, an increase in urine epinephrine is good evidence of adrenomedullary stimulation (15) . Urinary norepinephrine excretion is more complicated and may reflect stimulation of renal sympathetic nerve endings as well as adrenomedullary stimulation and plasma levels of norepinephrine (15) .
Despite the potential for urinary catecholamine excretion to be a valuable predictor of long-term sequellae of sympathetic stimulation, these potential relations have not been studied in depth. Therefore, we examined the relationship between baseline urinary catecholamine excretion in the MacArthur Studies of Successful Aging on 3-and 7-year mortality and functional decline. We also examined the effects of sustained (at baseline and 3 years) high catecholamine excretion on a subsample of subjects. Our research attempted to answer the following questions: (i) Does the level of baseline urinary catecholamine excretion predict 3-and 7-year mortality and functional decline?; (ii) If so, does the predictive ability of norepinephrine excretion differ from that of epinephrine excretion?; (iii) Do these effects persist after adjusting for smoking and other covariates?; and (iv) What is the predictive ability of sustained high urinary catecholamine excretion?
M ETHODS
To answer the study's research questions, we used longitudinal data from the MacArthur Studies of Successful Aging, a community-based, 7-year cohort study of high-functioning men and women aged 70-79 years at baseline in 1988. Baseline measures were obtained in 1988 and subjects were followed-up in 1991 and 1995.
The MacArthur Studies sample was derived from the National Institute on Aging's Established Populations for Epidemiologic Studies of the Elderly (EPESE), which recruited subjects from New Haven, CT; Durham, NC; and East Boston, MA in 1982. Subjects were eligible to participate in the MacArthur Study based on age (70-79 years) and high (top tertile) cognitive and physical functioning in 1988. At baseline, all subjects were functionally independent on the Katz (21) scale and had no more than one disability on the Nagi (22) or Rosow-Breslau (23) scales combined. Complete selection criteria have been published previously (24) .
In 1988, 765 subjects provided complete overnight urine specimens. Urine assays were collected in 1991 from a subsample ( n ϭ 300) of the cohort. No difference was found between this subgroup and the group who was reinterviewed in 1991 but did not provide complete urine specimens at that time. In 1991, 3-year vital status outcomes were recorded for the entire sample ( N ϭ 765), and 719 (99%) of the surviving subjects had their 3-year RosowBreslau functional status recorded. In 1995, 7-year vital status data were available for all subjects ( N ϭ 765), and 562 (94.0%) of the 598 survivors had their 7-year functional status assessed.
Measures
Catecholamines.-Subjects completed an overnight urine collection from 8 pm on the evening after their home interview to 8 am the next morning. The 12-hour collection period was used to enhance compliance, as the standard 24-hour collection period frequently yields incomplete collections. Pilot data from the MacArthur study indicated strong correlations between 12-and 24-hour collection schedules (rank-order correlations of .80 for norepinephrine and .95 for epinephrine), with the 24-hour schedule also showing higher refusal rates and higher incidence of incomplete collection. The overnight collection protocol also minimizes the potential confounding effects of physical activity, because subjects generally spend this period of time at home (much of it in bed). Thus, overnight samples were used to minimize external factors that might influence catecholamine excretion and simulate a steady state as best as possible. A bottle within each cooler pack (to keep urine at optimal urine temperature) contained 12 ml of 6 N HCl to acidify and preserve the specimens. All samples were sent to Nichols Institute (San Juan Capistrano, CA) immediately after collection for norepinephrine and epinephrine assays. Determinations were made with high-pressure liquid chromatography (25) . Interassay variation was 8% to 9% for catecholamines, regardless of age. To adjust for body size, results for norepinephrine and epinephrine are reported as micrograms (norepinephrine or epinephrine) per gram creatinine of urine excretion. Subjects were excluded from these analyses if they had abnormal creatinine clearance ( Ͻ 40 ml/min) or provided incomplete urine specimens at baseline. Completeness of urinary collection was determined using an algorithm (available on request from first author) based on volume (e.g., Ͻ 300 ml was considered incomplete) and creatinine clearance coupled with volume if volume was Ͼ 300 ml. The correlation coefficient between urinary norepinephrine and creatinine clearance was Ϫ 0.04 ( p ϭ .298) and Ϫ 0.28 between urinary epinephrine and creatinine clearance ( p Ͻ .001).
Because there are no normative values for urinary norepinephrine and epinephrine levels, we defined high catecholamine levels as levels falling within the top tertile of norepinephrine or epinephrine of the entire sample. We first classified subjects based on their urinary norepinephrine and epinephrine excretion values in 1988 as a dichotomous variable (top tertile versus all others). These tertile cutoff points and the number of subjects in each group were: isolated high norepinephrine excretion in 1988 ( Ͼ 44.70 g/g creatinine, 224 subjects) and isolated high epinephrine excretion in 1988 ( Ͼ 4.26 g/g creatinine, 248 subjects). We then classified subjects based on their urinary norepinephrine excretion values in 1988 and 1991. Those who were in the top tertile of urinary excretion on both measures were considered to have sustained high catecholamine excretion. We similarly classified subjects based on their urinary epinephrine excretion values in 1988 and 1991. The thresholds for sustained high norepinephrine in both 1988 and 1991 were: Ͼ 44.70 g/g creatinine in 1988, and Ͼ 45.89 g/g creatinine in 1991. Forty subjects met this criterion. The thresholds for sustained high epinephrine in both 1988 and 1991 were: Ͼ 4.26 g/g creatinine in 1988 and Ͼ 5.72 g/g creatinine in 1991. Thirty-five subjects met this criterion.
We also created a variable, "high norepinephrine or epinephrine," to indicate nonspecific catecholamine stimulation (i.e., either hormone was in the top tertile of urinary excretion). We created a similar variable for sustained high values of either hormone, "sustained high norepinephrine or epinephrine." This variable included subjects who demonstrated any indicator of sympathetic stress.
Outcome Measures.-We examined 3-and 7-year mortality and 3-and 7-year functional decline as outcomes of high urinary excretion in 1988. The 3-and 7-year time periods for outcomes provide a reasonable estimate of shorter-and longer-term consequences of high urinary catecholamine excretion. The shorter-term outcomes are least subject to the effects of competing morbidity and dilution of effect as a result of misclassification based on intercurrent changes during the follow-up period. The longer-term outcomes have the longest follow-up and, hence, the most power to detect outcomes. Examining both provides a more complete picture. For sustained high urinary excretion (1988 and 1991), we examined 4-year mortality and functional decline only. Mortality data were obtained in the MacArthur Study by following obituary listings (approximately 50% were identified through this route), follow-up contact with subjects, contact with proxies, and state death records.
To assess functional decline, we used the Rosow-Breslau scale, which evaluates the subject's ability to do heavy work around the house, walk up and down stairs, and walk half a mile (23) . Change on the Rosow-Breslau scale was determined by subtracting the subject's score on this measure at both 3-and 7-year follow-up from the score at baseline in 1988. We classified change using two criteria: a 1-point decline and a 2-point decline in Rosow-Breslau function. We also created a composite outcome, "mortality or RosowBreslau functional decline," combining mortality and Rosow-Breslau functional decline at 3 and 7 years.
Analysis
We examined catecholamine excretion as both continuous and categorical (i.e., high excretion) variables. For all analyses assessing the categorical risk associated with 1988 norepinephrine, epinephrine, and either catecholamine excretion levels, subjects whose values were in the bottom tertile were considered to be the referent groups. A similar approach was followed for sustained increased norepinephrine and epinephrine excretion levels.
The analysis was conducted in three stages. We first determined crude odds ratios for catecholamine excretion as a continuous variable and for isolated and sustained high urinary norepinephrine and epinephrine excretion and mortality and functional decline outcomes. We then ran several correlations to examine whether previously reported relationships (26) between body mass index (BMI), age, and catecholamines were also present in our sample and should be considered in multivariate models. Finally, we ran two sets of multivariate logistic regression analyses, first adjusting for demographics only and then adjusting for both demographics and chronic health conditions. On the basis of existing literature (27) (28) (29) (30) (31) (32) (33) , we identified demographic characteristics (age, gender, race, and educational level) and chronic health conditions (current smoking; overweight status [BMI Ͼ 27]; and a history of myocardial infarction, stroke, cancer, or hypertension) that are predictive of higher mortality rates and functional decline. We examined these variables as possible confounders (i.e., those that were significantly associated with the outcomes of interest and changed the beta coefficient by more than 10%). This screening for confounders indicated no consistent pattern whereby any of these variables could be excluded as potential confounders. Thus, the final models adjusted for gender, age, race, educational level Ͼ 12 years, smoking, overweight status, hypertension, past myocardial infarction, and diagnoses of cancer and stroke. In reporting the risks associated with high catecholamine excretions, we considered a level of p Ͻ .05 as statistically significant. We conducted analyses of subjects who were receiving drugs that might alter catecholamine excretion (approximately 10% of the sample) by including this term as a covariate, and the adjusted odds ratios remained essentially unchanged. All analyses were conducted using Stata 5.0 (Stata Corp., College Station, TX). 
R ESULTS
Baseline demographic and chronic illness characteristics of the sample are presented in Table 1 . The mean age of the sample was 74.2 ( Ϯ 2.8) years, and 82% were white. Thirtynine percent of the subjects were overweight (BMI Ͼ 27), and 47.5% were hypertensive. None were dependent on Katz ADL functions, and 8.4% were dependent on 1 Rosow-Breslau task. At the 3-year follow-up, 5.5% had died and 15.7% had declined in Rosow-Breslau functional status. At the 7-year follow-up, 21.8% of the subjects had died and 41.3% had declined on the Rosow-Breslau functional status scale.
At baseline, age was not significantly correlated with norepinephrine or epinephrine ( r ϭ .006 and .048, respectively). Body mass index was also not significantly correlated with norepinephrine ( r ϭ .021) and was only modestly correlated with epinephrine ( r ϭ .160, p Ͻ .0001). Norepinephrine and epinephrine were modestly correlated with each other ( r ϭ .193, p Ͻ .0001). Relationships between baseline catecholamine excretion and other sociodemographic and health status variables are presented in Table 2 . Urinary epinephrine excretion was significantly lower among women and among subjects with a BMI Ͼ 27. Conversely, current smokers had higher levels of both urinary norepinephrine and epinephrine.
The crude odds ratios for selected demographic and chronic health factors, as well as urinary catecholamines, on mortality and functional decline at 3 and 7 years are shown in Table 3 . Because of the strong effect of gender on some outcomes (e.g., male gender was associated with an odds ratio of 4.4 for 3-year mortality), the relative risks for urinary catecholamines are reported adjusted for gender in Table 3 . When considered as a continuous variable, urinary epinephrine excretion was significantly associated with 3-year mortality and 7-year functional decline. High catecholamine excretion was associated with increased risk of all outcome measures, except that high epinephrine excretion was not associated with increased 7-year mortality. The odds ratios ranged from 1.3 to 2.8, although many were not statistically significant.
Multiply adjusted (for sociodemographic and chronic disease variables) odds ratios (AOR) of high urinary catecholamine excretion predicting mortality and functional decline at 3 and 7 years are presented in Table 4 . Subjects in the top tertile of 1988 urinary catecholamine excretion were at increased risk of all 3-year outcomes (AORs, 1.1-3.5), although not all reached statistical significance. The highest risks (AORs, 2.6-3.5) were for those who had high epinephrine excretion or high excretion of either catecholamine for 3-year mortality, for decline in 2 points on the Rosow-Breslau scale, and for composite measure of death or decline in 2 points on the Rosow-Breslau scale. For 7-year outcomes, the magnitude of the effect (AORs, 0.9-2.3) was less for all predictor and outcomes. The most powerful predictor of 7-year outcomes was high excretion of either catecholamine (AOR, 2.4 for mortality and 2.1 for mortality, or 2-point decline in function).
In adjusted models examining sustained high catecholamine excretion (Table 5) , high excretion generally was associated with high odds of mortality (AORs, 3.2-4.2) and functional decline or mortality (AORs, 1.1-6.2), although these increased risks were not all statistically significant. Note : 95% CI, 95% confidence interval. * p Ͻ .05. † All except age are characteristic present compared with characteristic absent. ‡ Adjusted only for gender. § Continuous, g/g of creatinine excretion in urine; high, top tertile; referent is bottom tertile of urinary excretion.
D ISCUSSION
The results of this study indicate that high urinary catecholamine excretion is predictive of mortality and functional decline among high-functioning older persons. The magnitude of such risk varied by which catecholamine was excreted and by outcome measure.
The predictive value of high urinary catcholamine excretion for 3-year mortality is consistent with previous literature linking plasma norepinephrine to increased risk of mortality in both ill patients (18, 19, (34) (35) (36) and community-dwelling older persons (15) . Our findings in this carefully screened, high-functioning group support the hypothesis that high catecholamine excretion may represent stimulation of the sympathetic nervous system by stresses that are not obviously clinically apparent. Coupled with the diminished norepinephrine reuptake that accompanies aging (8) , these disturbances may lead to chronically elevated norepinephrine levels and subsequent adverse events. This hypothesis is also supported by the results of the Studies of Left Ventricular Dysfunction study in which increased plasma norepinephrine levels in asymptomatic persons with cardiac ejection fractions Ͻ 35% were predictive of cardiovascular and all-cause mortality as well as the development of clinical events related to ischemia and congestive heart failure (36). One possible mechanism by which high norepinephrine activation may increase the risk of mortality is by downregulation of beta-adrenergic receptors and increased free radical production (37).
Our findings did not substantiate a previous report that plasma epinephrine levels are positively related to 7-year survival among community-dwelling older persons (16) . Possible explanations for this discrepancy include the use of plasma versus urinary levels and different adjustment for comorbid conditions.
We were able to examine the effect of sustained stimulation of the sympathetic nervous system in a subsample. We found that high-sustained urinary norepinephrine excretion was highly predictive of 7-year mortality or Rosow-Breslau impairment. This finding that sustained high urinary catecholamine excretion can predict functional decline in healthier older persons extends previous research findings in animals that showed that functional decline is related to the failure to efficiently turn off sympathetic and HPA axis activity after stress (11) . It also is consistent with research that has found that excessive stimulation of the sympathetic response and HPA axis may lead to impaired functional performance in humans (15) .
One of the main strengths of our study is that all subjects were relatively healthy and high functioning at baseline. The subjects were not frail people who had high catecholamine excretion as a result of acute or chronic illness. Therefore, the high urinary catecholamine excretion in our sample was likely due to more subtle, less clinically obvious impairments. The sample was also community-based from three different communities, thereby representing a degree of geographic diversity. This contributes to the generalizability of the study as our subjects represented a diverse older US population sample. A third strength was the analytic design, which adjusted for comorbidity as well as factors (e.g., smoking) that might increase plasma norepinephrine (38, 39) . Our findings, however, must be interpreted in the context of the study's limitations. Perhaps the most important of these was the sample size and the relative infrequency of some outcome measures, which limited the study's power to detect statistically significant effects. Indeed, many of the odds ratio estimates were quite large but did not achieve statistical significance. We were also limited to collection of only one specimen at baseline and do not have information about possible acute illnesses that subjects may have experienced prior to submitting the specimens. Another limitation was that our ability to assess sustained catecholamine stimulation was limited not only to two time points, 1988 and 1991, but to a smaller subsample as well. These analyses of sustained high excretion of catecholamines must, therefore, be regarded as exploratory. Finally, we were not able to determine whether urinary catecholamine excretion is part of the causal pathway toward these adverse outcomes or is merely an epiphenomenon.
In summary, we have found high urinary catecholamines to be predictors of short-term mortality and longer-term functional decline in high-functioning, community-dwelling older persons. Screening to identify patients with high urinary catecholamine excretion is unlikely to be a cost-effective strategy, but further research on these biomarkers may help elucidate possible mechanisms of functional decline and pathways to mortality in older persons. Triggers of stimulation of norepinephrine and epinephrine release among older persons who are not acutely ill need to be better identified. Previous research has distinguished between psychosocial stress increasing plasma norepinephrine levels and physiological stress increasing plasma epinephrine levels (18) . In contrast, some of our findings suggest that the sequellae of increased catecholamine excretion may be similar regardless of which hormone is excessively excreted. Further research needs to focus on whether there are different outcomes of chronic adrenomedullary stimulation (as evidenced by high urinary epinephrine excretion) versus chronic local sympathetic stimulation with some adrenomedullary stimulation (as evidenced by high norepinephrine excretion). The answers to these questions may lead to the development of new interventions or the increased use of existing medications (e.g., beta blockers) that may prevent or delay the adverse outcomes of excess catecholamine production.
